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preforms in a regime dominated by viscous forces allowing for internal low viscosity domains to be arranged in non-equilibrium cross sections confined by viscous glassy boundary layers. In fact constructing a piezoelectric fibre could be accomplished in a straightforward manner by assembling a preform made of a piezoelectric material poly(vinylidene fluoride) (PVDF) 13-14 , with metal electrodes and an insulating polymer, which would be followed by a thermal draw.
The stress present during the fibre draw should in principle induce the non-polar α to the ferroelectric β phase transition in the PVDF layer 13, [15] [16] . The process should yield many metres of fibre with built-in internal electrodes which could be utilized to establish the large electric field necessary for poling the PVDF layer. However, upon detailed examination a number of significant challenges and seemingly conflicting requirements arise. The necessity to utilize crystalline materials both for the piezoelectric layer and the electrical conductors leads to the formation of multiple adjacent low viscosity and high aspect ratio domains. These domains undergoing a reduction in cross sectional dimensions are susceptible to capillary breakup and mixing during fibre drawing due to flow instabilities. Layer thickness non-uniformity either in the lateral or in the longitudinal directions [17] [18] precludes the formation of the coercive field needed for poling. Moreover, even if capillary breakup were kinetically averted and uniform sections of fibres were to emerge they would not exhibit piezoelectricity because the stress and strain conditions necessary to induce the thermodynamic phase transition in PVDF cannot be sustained in the fibre draw process.
To address these challenges we choose to focus our attention on the ability to maintain geometric coherence and layer thickness uniformity. A viscous and conductive carbon-loaded poly(carbonate) (CPC) is used to confine the low viscosity crystalline piezoelectric layer during the draw process. The CPC layers exhibit high viscosity (10 5~1 0 6 Pa·s) at the draw temperature and adequate conductivity (1~10 4 ohm·m) over the frequency range from DC to tens of MHz, thus facilitating short range (hundreds of microns) charge transport on length scales associated with the fibre cross section. Then a piezoelectric polymer which crystallizes into the appropriate phase is identified. Poly(vinylidene-fluoride-Trifluoroethylene) copolymer (P(VDF-TrFE)) 19 assumes the ferroelectric β phase spontaneously upon solidification from the melt 20-21 without necessitating any mechanical stress, making it particularly suitable for the thermal fibre drawing process.
The constituent fibre materials are then assembled as illustrated in Figure 1a . A series of shells comprising a 700 μm-thick layer of P(VDF-TrFE) (70:30 molar ratio, Solvey; meltpressed from pellets) and 250 μm-thick layers of CPC are assembled with indium filaments and a poly(carbonate) (PC) cladding. The entire structure is consolidated at 210°C to remove trapped gas and form high quality interfaces. The preform is then thermally drawn in a furnace at 230°C
into fibres more than 100-metre long. Scanning electron microscopy (SEM) images of the fibre cross section show the P(VDF-TrFE) layer (40 µm thick) sandwiched between CPC layers, with the shape and the aspect ratio unchanged from those of the preform (Figure 1b) . Wide angle Xray diffraction (XRD) measurements of P(VDF-TrFE) copolymer domains harvested from the drawn fibres, are compared to the material used for the preforms. Both specimen exhibit identical peaks at 2θ = 19.9, 35.2, and 40.7 degrees, which correspond to (200)/(110), (001) and To unequivocally establish that the internal copolymer layer was macroscopically poled we adopt a two-step approach. First, we show that the internal piezoelectric modulation indeed translates to a motion of the fibre's surface using a heterodyne optical vibrometer 24-25 at kHz frequencies where fibre dimension is much smaller than the acoustic wavelength. Second, we Figure   2b is the observed side bands from the cylindrical fibre of Figure 1 , driven at frequencies from 1.3 to 1.9 kHz thereby establishing a macroscopic piezoelectric response from the embedded ferroelectric layers. The side band amplitude modulation response is found at ~ -60 dB below the main beat tone around these frequencies. Figure 2c shows the same frequency-modulation side bands for a rectangular fiber with an embedded planar piezoelectric layer, fabricated using a technique similar to the one described above (Supplementary Information). The rectangular geometry couples more efficiently to the optical beam leading to a marked improvement in the signal measured in the side bands compared to the immediate background. It also leads to a 20 dB increase in the side band amplitude with respect to the heterodyne sub-carrier. The ability to optimize the external fibre geometry with respect to the measurement system and application is another compelling property of this approach.
The fibre draw is realized in a stress and temperature regime dominated by viscous forces (as opposed to surface tension) allowing for non-circular geometries to be realized. Controlling the precise shape of the fibre allows one in principle to tailor the acoustic wave front and its associated radiation pattern in the high-frequency limit where the acoustic wavelength is smaller than the lateral dimension of the fibre. Figure 2d illustrates the result of finite-element calculation of the acoustic wave front emanating from three distinct fibre geometries. As shown the fibre structure and its associated acoustic wave front share the same symmetry elements.
We follow with direct acoustic measurements, using the fibres both as an acoustic sensor and as an acoustic actuator centred at 1 MHz. Such a frequency range is typical in ultrasound imaging applications. A schematic of the setup is shown in Figure 3a . 
Heterodyne Laser Vibrometry
The setup consists of a frequency-swept ( 
3.

Fibre uniformity
The stability of the draw is monitored by a continuous in-line measurement of the external dimensions of the fibre by a laser micrometer. The standard deviation is calculated over a 10cm window in real-time and maintained at a level below 1% by controlling the draw stress. Since uniformity of the external geometry of the fibre does not ensure that of the internal structure, Scanning Electron Microscopy (SEM) is used to image the cross-sections of the fibre and evaluate the uniformity of the piezoelectric polymer layer thickness across its width. We find a standard deviation of 3% in the samples studied. To investigate the uniformity of the structure along the length of the fibre, we cut a one metre long portion of the fibre into 3 cm-long segments, on which we measure the capacitance. Fluctuation in the averaged thickness of the piezoelectric P(VDF-TrFE) layer should result in a proportional fluctuation in the capacitance.
We find a standard deviation of 4%. 
